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CTX

CRISM

HIRISE

~49,000 images 

(~5000 stereo)

~2.8% of Mars

RSL, Gullies,

Dunes, Polar Caps

CRISM

~85% msp IR

~39% hsp IR

~76% hsp VNIR

Limb Scans

Ancient Aqueous Minerals

ATO’s (6-12 m/pixel)

CTX

~92,000 images ~99% of 

Mars 20% in dual 

coverage

Stratigraphy

New Impacts

SHARAD

~21,000 Observing Strips

Buried CO2 Ice

Polar Cap Internal 

Structure

Mid-latitude Ice

MCS

~150 M Soundings 

~94% of 5.4 MYrs

Vert. Dust Profiles

Dust Storm Patterns

Tidal Structure

CO2 snow and frost

MARCI

~47,000 images
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~3600 Daily Global Maps
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California Institute of Technology Static & Time-Varying Gravity Results

MRO-1

Mars Reconnaissance Orbiter

May 23, 2016

National Aeronautics and Space Administration

Jet Propulsion Laboratory

California Institute of Technology

Crustal Thickness
MRO120D Gravity Field

(truncated at degree 95)

A. Genova et al. / Icarus 272 (2016) 228–245 239 

Fig. 11. MOLA topography (left) and free-air  degree strength gravity anomalies (right) over the Hellas basin and the Circum-Hellas Volcanic Province. 

Fig. 12. (a) Global Bouguer  anomaly and (b) crustal thickness over shaded relief. 

to suppress spurious rel ief result ing from  dow nward continuat ion  

of noise. While the degree strength of GMM-3 exceeds 80 nearly 

everyw here, the constraint  applied reduces the amplitude by 0.5 

at  degree 80 and 0.25 at  degree 100, and more appropriate fi lters 

might  be employed in  regions of  higher  quality. The constraint  that  

the crustal  thickness be non-negative results in a minimum  aver-  

age depth of  the mantle, equivalent  to an average thickness of 42 

km. Such a result  depends strongly on the density  assumptions, 

producing somew hat  more relief if  the crust  is strat ified or  the 

mantle port ion  of the l ithosphere is less dense than  we have as-  

sumed. The constraint  is t ightest  at  the Isidis basin, w here substan-  

t ial  volcanic resurfacing w ith  a high  density  could give the appear-  

ance of  thinner  crust. Given these caveats, we est imate uncertainty  

in mean  crustal  thickness to range from  35 to 50 km, consistent  

w ith  earlier  est imates ( Neumann et  al., 2004;  Wieczorek and Zu-  

ber, 2004 ). 

A. Genova et al. / Icarus 272 (2016) 228–245 243 

Fig. 16. Mass values of the north and south seasonal  caps derived by assuming a point  mass model  w ith C 20 and C 30 t ime-series (Fig. S4). 

Fig. 17. Atmospheric mass variat ions over the last  11 years retr ieved w ith Mars-GRAM2010 pressure fields (black dot-l ine), and w ith gravity measured mass exchanges 

between the polar  caps. 

results ( Karatekin  et  al., 2006;  Smith  et  al., 2009 ). The north  pole 

shows flatter  mass variat ions during spring and summer  in the 

northern  hemisphere compared to the previous gravity solut ion  by 

Konopliv et  al. (2006) and this t rend is more consistent  with  GCM  

and neutron spectrometer  measurements ( Karatekin  et  al., 2006 ). 

The continuous t ime-variable gravity  monitoring from  MGS, 

ODY and MRO allows us to recover  the polar  caps mass history 

through  an entire solar  cycle ( ∼ 11 years). We focused on the inter-  

annual  mass variat ion of the polar  caps from  October  2002 to 

November  2014. The monthly estimation  of C 30 from  all  the three 

spacecraft  provides a sufficient  sampling of the martian  seasons 

through  this t ime span. Nevertheless, the estimation  of  C 20 from  

ODY only is less continuous because of data gaps due to superior  

solar  conjunctions. Fig. S4 shows ODY C 20 and MGS, ODY and MRO 

C 30 estimated values with  the 5-frequency fi ts (solid  l ine) that  

account  for  solar  cycle (11 and 5.5 years frequencies)  and inter-  

annual  variat ions (annual, semiannual, and t ri-annual). These 5-  

frequency  fi t  curves, which are defined by the coefficients reported 

in Table 4 , provide the evolut ion of  these two zonal  harmonics over  

the past  11 years. Therefore, we applied the point  mass model  to 

reproduce the mass exchange between  polar  caps and atmosphere 

from  October  2002 to November  2014. Fig. 16 shows our  gravity 

measurement  of the seasonal  CO 2 masses of the north  and south  

poles. The pattern of deposit ion  and sublimation  is symmetric in 

both hemispheres with  larger  amplitudes in the south. 

To assess the mass exchange between the atmosphere and the 

polar  caps, we summed the north  and south  polar  masses quanti-  

Table 4 

Coefficients of the five-frequency fi t  (11-year, 5.5-year, an- 

nual, semi-annual, and tri-annual) of C 20 from ODY only and 

C 30 from MGS, ODY and MRO. 

C̄ 20 × 10 − 9 C̄ 30 × 10 − 9 

11-years A − 0 . 063 ± 0 . 694 0.168 ± 0.165 

B − 0 . 349 ± 0 . 700 − 0 . 168 ± 0 . 198 

5.5-years A − 0 . 686 ± 0 . 633 0.002 ± 0.172 

B − 0 . 479 ± 0 . 682 0.055 ± 0.172 

Annual  A 0.468 ± 0.743 − 3 . 260 ± 0 . 185 

B 0.961 ± 0.579 − 1 . 544 ± 0 . 172 

Semi-annual  A 0.038 ± 0.646 0.621 ± 0.173 

B 1.264 ± 0.599 − 0 . 202 ± 0 . 171 

Tri-annual A − 0 . 486 ± 0 . 617 − 0 . 069 ± 0 . 167 

B − 0 . 011 ± 0 . 612 0.207 ± 0.174 

fying the total  mass sublimed into the atmosphere. Fig. 17 shows 

the atmospheric mass variat ions from  Mars-GRAM2010 (black dot-  

l ine, Justus and James, 2001;  Justh et  al., 2011 ) and from  the neg-  

ative sum  of the gravity recovered masses of the polar  caps (blue 

dot-line). These two curves highly correlate ( ∼ 0.85), and the inter-  

annual  mass exchange is consistent. The atmospheric mass esti-  

mated indirect ly from  gravity  shows larger  variat ions due to the 

solar  cycle. Despite the high uncertaint ies in the 11-year  and 5.5-  

year  t ime-variable coefficients, the larger  amplitudes of the atmo-  

spheric mass in 2003 and 2013 correspond to peaks of  the solar  

flux. 

Genova et al. 2016
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Fig. 5. (a) Global  and (b) local  correlat ions and of Mars gravi ty fields MRO120D, MRO110C and MRO110B w ith the Mars topography. The local  correlat ion is for an 18 degree 

spherical  cap over the Ascraeus Mons volcano in the Tharsis region. The correlat ion was generated using SHTOOLS (Mark Wieczorek, http://sht ools.ipgp.fr  ) 

Fig. 6. The resolut ion of the Mars gravity field MRO120D from the covariance matrix of the solut ion. The minimum resolut ion is harmonic degree 90 and improves over the 

south pole due to the lower alt itude of the MRO orbit. 

degree harmonics and orientat ion  parameters as show n by the dif-  

ference between the MRO120D and MRO110C solut ions. In this dif-  

ference, MRO120D was determined w ithout  scaling and using the 

same prime meridian  as MRO110C, otherw ise differences are larger. 

The newly scaled SRIFs were chosen  to match this difference. The 

corresponding covariance and uncertaint ies for  MRO120D now  rep-  

resent  real ist ic errors w hereas previous solut ions required scaling 

the covariance and errors. 

The 5–10 degree improvement  in the gravity  field is also show n  

in  the global  correlat ion  w ith  topography ( Smith  et  al., 2001 ) 

( Fig. 5 a) and w ith  the local  correlat ion  example over  the Ascraeus 

Mons volcano in the Tharsis region ( Fig. 5 b). The global  correla-  

t ion  approaches zero near  degree 120 show ing there is not  much 

benefi t  in extending the solut ion  beyond degree 120 using MRO 

t racking data. 

The spherical  harmonic resolut ion of the gravity field can also 

be displayed spatially using the full  unconstrained covariance ma-  

t rix  of  the MRO120D solut ion. For  each longitude and lat itude, the 

gravity error  spectrum  is computed and compared to the expected 

gravity coefficient  magnitude versus degree. The point  w here the 

error  in the spectrum  equals the signal  gives the resolut ion or  de-  

gree strength (e.g. Konopliv et  al., 1999 ). Fig. 6 shows the result ing 

resolut ion for  this gravity solut ion, and shows an improvement  of 

at  least  5 harmonic degrees versus the previous map of  Konopliv 

et  al. (2011) . 

The solut ions for  other  gravity  parameters include the Mars 

Love number  k 2 =  0.169 ± 0.006, Phobos GM  =  7.11 ± 0.05 ×

10 − 4 km  3 /s 2 , and Deimos GM  =  9.5 ± 1.2 × 10 − 5 km  3 /s 2 . The Love 

number  solut ion  is the combined solut ion  from  all  three orbiters 

w ith  the uncertainty  increased by a factor  of tw o and is consistent  

but  slight ly lower  than  the previous determinations, in part, due 

to the rescaled orbiter  SRIFs. The combined all  orbiter  solut ion  for  

MRO110B is k 2 =  0.183, although  the adopted Love number  k 2 =  

0.173 ± 0.009 ( Konopliv et  al., 2011 ) came from  the MGS data only. 

The MRO110C combined solut ion  is k 2 =  0.176. The Phobos mass 

determination  comes from  only long-term  effects on  the Mars or-  

biters w ithout  any close flyby t racking data from  Viking or  Mars 

Express. It  is consistent  w ith  close flyby determinations of  Pho-  

bos 7.092 × 10 − 4 km  3 /s 2 ( Jacobson  and Lainey, 2014 ) w ith  Viking, 

Phobos 2 and Mars Express data and 7.084 × 10 − 4 km  3 /s 2 ( Patzold 

et  al., 2014 ) from  Mars Express. The Deimos GM  from  Jacobson  and 

Lainey (2014 ) and Viking data is 9.62 ± 0.028 × 10 − 5 km  3 /s 2 . 

The solut ion  for  the Mars orientat ion  parameters is show n  

in  Table 2 for  the orbiter, lander  and combined data sets. The 

Please cite this art icle as:  A.S. Konopliv et  al., An improved JPL Mars gravity  field and orientat ion  from  Mars orbiter  and lander  t racking 

data, Icarus (2016), ht tp://dx.doi.org/10.1016/j .icarus.2016.02.052 
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Fig. 2. The Mars orientat ion model parameters. The angles shown are used for conversion from the Internat ional  Celest ial Reference Frame (ICRF) to the Mars body-fixed 

coordinate frame. Contribut ions to the angles from precession, nutat ion and seasonal  periodic spin are given in Konopliv et al., 2006 . 

Fig. 3. The MRO120D gravity field anomaly truncated at  degree 95. This shows the magnitude of the gravity accelerat ion on the Mars areoid minus the gravity from a 

reference ellipsoid ( a e =  3397 km, 1/ f =  196.9). The maximum amplitude is 3135 mGals for Olympus Mons and the minimum is − 695 mGals for Valles Marineris. 

data during the Mars w inter  ( Kuchynka et  al., 2014 ). The param-  

eters that  are part  of  the Mars orientat ion  definit ion  are show n  

in Fig. 2 . In  our  analysis and as in previous studies, we est imate 

Mars precession   ̇ψ o , obliquity  rate  ̇I o , spin  rate  ̇φo , epoch  angle val-  

ues ( ψ o , I o , φo ), and annual  to 4 th annual  seasonal  spin  changes 

( φcj for  cosine amplitudes and φcsj for  sine amplitudes, j  =  1,4)  

due to the polar  icecap  mass exchange, but  the Mars nutat ion  

contribut ions are held fixed due to lack of sensit ivi ty to these 

terms. 

In our  previous studies ( Konopliv et  al., 2011 ), we selected the 

epoch  locat ion  of the prime meridian  φo to match the original  

prime meridian  locat ion  at  the J20 0 0 epoch as specified by the IAU 

convent ion  ( Archinal  et  al., 2011 ). In this study we fol low  the con-  

vent ion of Kuchynka et  al. (2014) that  fixes the longitude of the 

Viking Lander  1 to be − 47.95137 ° as our  definit ion  of  the prime 

meridian. We then  est imate φo . 

The contribut ions of the orbiter  versus the lander  data are com-  

bined using a different  procedure than  the previous studies. For  

our  prior  gravity  solut ions ( Konopliv et  al., 2006;  Konopl iv et  al., 

2011 ), we direct ly combined the orbiter  and lander  data w here 

each was approximately weighted by the RMS of  the data. In 

those studies, the formal  uncertaint ies of  the orientat ion  parame-  

ters w ere then  scaled up by  a factor  of 15 to represent  realist ic er-  

rors. This factor  was determined by comparing solut ions using dif-  

ferent  subsets of data and assum pt ions. We now  model  the Viking 

and MPF lander  data as correlated (and then  remove the correla-  

t ions by  w hitening)  as mentioned above and  we also rescale each 

orbiter  (MGS, Mars Odyssey and MRO) ent ire mission  square-root  

informat ion  matrix  (SRIF) to achieve realist ic errors for  the ori-  

entat ion  parameters and  long-w avelength  gravity  coefficients. The 

scaling is based upon  dif ferences of the gravity  and orientat ion  

solut ion  w ith  previous solut ions ( Konopliv et  al., 2006;  Konopliv 

et  al., 2011, Kuchynka et  al., 2014 ), model  assumpt ions, and solu-  

t ions from  different  data subsets. The Mars Odyssey and MGS SRIF 

scaling begins at  10 for  the orientat ion  parameters and degree 2 

gravity  harmonics and tapers to one at  harmonic degree 40. MRO 

is similar  but  begins w ith  a scale of  15 due to the l ikelihood  of 

increased atmospheric drag errors. As a result , the solut ion  uncer-  

taint ies no longer  need to be increased and  represent  realist ic er-  

rors. Changes in the solut ion  w ith  the scaled SRIFs relat ive to the 

Please cite this art icle as:  A.S. Konopliv et  al., An improved JPL Mars gravity  field  and orientat ion  from  Mars orbiter  and  lander  t racking 

data, Icarus (2016), ht tp:/ /dx.doi.org/10.1016/j .icarus.2016.02.052 

Konopliv et al. 2016

Static and Time-Varying Gravity Results
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Oct. 2014 – Sept. 2016

• Highest resolution view of Oort cloud Comet C/2013 A1 Siding Spring

• Assess Mars’ past and present habitability

– Transition from wet/neutral to dry/acidic not as monotonic as previously thought;

▪ Diverse conditions may have repeatedly occurred or even co-existed.

– Hydrated perchlorates detected in the enigmatic Recurring Slope Lineae (RSL). 

• Characterize the Mars atmosphere, present climate, and climate processes

– Doubled the detailed climatological record of modern Mars to 10 Mars years.

– “Tracks” of active storms and a reoccurring pattern of 3 regional dust event.

– Rapidly changing polar CO2 snow clouds influence the polar energy balance. 

– Models confirmed the effects of water ice clouds on observed temperature 

patterns, showing how such clouds will affect the general circulation. 

– MRO and MAVEN data combine to show short-period atmospheric waves 

propagating from the lower into the upper atmosphere. 

• Determine the nature and evolution of the geologic processes that have created 

and modified the Martian crust over time

– More CO2 ice deposits buried in the south polar cap, cold-trapped by water ice. 

– New impact craters, some exposing clean ice in the southern mid-latitudes.

– Ancient impacts produced extensive glass, with implications for early habitability.
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Perchlorate Salts in Recurring Slope Lineae (RSL) on Mars

• Reference: Ojha, L. et al. (2015). Spectral evidence for hydrated salts in Recurring Slope Lineae on Mars, Nature 

Geoscience 8, 829–832, doi:10.1038/ngeo2546.

(left) RSL in Horowitz crater. (center) Single-pixel CRISM spectra 
showing features indicative of perchlorate. (right) Perchlorate salts 
measured in the lab. The RSL are best fit by a mixture of phases.

Ca

Na

Mg
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• Reference: Ayoub et al. (2014). Threshold for sand mobility on Mars calibrated from seasonal variations of sand flux, Nature 

Communications 5, 5096, doi:10.1038/ncomms6096 

Threshold For Sand Motion on Mars Determined With 

HiRISE Images

MRO Science Highlights
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An Ice Age Recorded in the Polar Deposits of Mars!

Isaac Smith, Than Putzig, Jack Holt, Roger Phillips, (Science) 2016

 •  Left: Total volume of NPLD accumulation is ~80,000 km3 

 •  First attempt to date an individual stratigraphic layer  gives an accumulation rate for 

the uppermost layers of 0.86 mm/yr, 3 times the long term average 

 •  NPLD may have accumulated in four climatologically distinct layers 

 •  Future work will look at lower boundaries (between A-B or B-C) to see if fur ther and 

similar evidence is present

Reference: Smith et al. (2016). A record of Martian ice ages, Science 352 (6289), doi:10.1126/science.aad6968 
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“Young” Valleys and Lakes in Northern Arabia Terra on Mars
A landscape modified by water and ice:  A marker of past climate (Amazonian?) 

Reference: Wilson et al. (2016). A Cold-Wet Mid-Latitude Environment on Mars during the Hesperian-Amazonian 

Transition: Evidence from Northern Arabia Valleys and Paleolakes, J. Geophys. Res. (#2016JE005052R). 

Map of Fresh Shallow Valleys (FSVs) FSVs (blue) flow into and out of model-

predicted paleolakes (black)
Example FSV 
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Large Volume of Subsurface Water Ice in Utopia Planitia

Reference: Stuurman et al. (2016). SHARAD detection and characterization of subsurface water ice deposits in Utopia 

Planitia, Mars, Geophys. Res. Lett. 43 (18), doi:10.1002/2016GL070138
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Zonal Mean 

Temperature  

at 50 Pa

(~25 km) 
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Recent MARCI global weather map
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Oct. 2016 – Sept. 2018

• Goal 1: Ancient Mars: Environmental Transitions and 

Habitability

– Focus on the formation history of younger aqueous deposits, weathered glass deposits, and 

older layered clays and sulfate deposits. 

• Goal 2. Amazonian Volatiles, Volcanism, and Climate 

– Refine our understanding of Amazonian climate signals by addressing near-surface ice 

deposits, polar cap layering and composition, and the potential for volcanic flows to have 

contributed substantial greenhouse gases to the climate. 

• Goal 3: Modern Dynamic Mars: Surface 

– Expand our understanding of possible liquid water on Mars today, evaluate surface change 

resulting from large dust events, and continue to monitor known sites while searching for new 

dynamic surface events indicative of ongoing transitions. 

• Goal 4: Modern Dynamic Mars: Atmosphere and Polar 

Processes 

– Observe interannual variability in a greater number of local times, via standardization of 

augmented local time measurements 

– Examine the influence of CO2 snowfall on the caps and on surface changes 

– Collaborate with other missions (e.g., TGO, MAVEN)  to understanding of atmospheric 

energy transport and chemistry, enhancing the scientific return of each mission 
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ExoMars

EDM

EDM Backshell

with Parachute

EDM Heat 

Shield

Lander Impact

• MCS Profiles the Atmosphere 

near EDM Entry;

• CTX finds the impact location 

post-landing;

• HiRISE resolves the EDM 

flight elements:  Lander, 

Back-shell, Heat Shield.
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16

delta

clays

CRISM / JHUAPL / JPL / NASA

MRO & Landing Sites:  Jezero Crater
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- There are 5 additional 

2020 acquired targets 

for HiRISE against the 

list that are not shown 

(taken prior to 8/2012)

*this includes up to 

rm267_1b final IPTFs
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National Aeronautics and Space Administration

Jet Propulsion Laboratory

California Institute of Technology MRO:  More to Come!

MRO continues to operate nominally in its dual-

purpose mission of scientific observation and

programmatic support

• MRO is working to ensure spacecraft operability  

through 2023 (2020 Rover Prime Mission)

– All-Stellar Mode being developed to preserve IMU lifetime

– Eclipse power management being instituted to extend battery life

– Onboard fuel adequate for nominal operations and critical event 

support (2018 InSight, 2020 Rovers)

– Landing site reconnaissance for InSight, 2020 Mars & ExoMars

rovers continues

– Preparing to support EDL and surface relay for InSight and Red 

Dragon – Continuing relay support for MER and MSL!

• Exciting EM4 mission is in progress with all 

instruments operating

– 1 of 3 CRISM coolers continuing to yield good data in 

bimonthly cold cycles

– HiRISE detector aging mitigated by warm-ups

– MCS, MARCI, CTX, SHARAD show no signs of aging

Earth (and Moon) as seen 

by MRO on Nov 20th

from Mars orbit.
Acquired at a range of 205 

million km (~200 km/pixel)


